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) clamping. Clenbuterol did not change body weight compared with the control group but caused a redistribution of body weight: leg muscle weights increased, and abdominal fat weight decreased. The glucose infusion rate needed to maintain euglycemia and the rate of glucose disappearance were greater in the clenbuterol-treated rats. Furthermore, plasma insulin levels were decreased, and the rate of glucose uptake into hindlimb muscles and abdominal fat was increased in the clenbuterol-treated rats. This increased rate of glucose uptake was accompanied by a parallel increase in the rate of glycogen synthesis. The increase in muscle glucose uptake could not be ascribed to an increase in the glucose transport protein GLUT-4 in clenbuterol-treated rats. We conclude that chronic clenbuterol treatment reduces the insulin resistance of the obese Zucker rat by increasing insulin-stimulated muscle and adipose tissue glucose uptake. The improvements noted may be related to the repartitioning of body weight between tissues. skeletal muscle; glucose uptake; glycogen; triacylglycerol; adipose tissue; euglycemic-hyperinsulinemic clamp CLENBUTEROL IS A LONG-ACTING selective ␤ 2 -adrenergic agonist that is approved for human use outside the United States as a bronchodilator for the treatment of bronchial asthma. In animal studies with several species, evidence indicates that chronically administered clenbuterol can elicit an anabolic response in skeletal muscle (4, 29, 37) . This anabolic effect is characterized by a significant increase in skeletal muscle protein as well as a decrease in body fat and is known as the "repartitioning" effect. The occurrence of this tissue redistribution is dissociated from any increase in food consumption by laboratory animals (28) ; however, there are few published data on the repartitioning effect in humans.
Interest in the human use of clenbuterol remains high because of its pronounced anabolic properties. In particular, its ability to change body composition and enhance muscle mass has led some to suggest that clenbuterol may have therapeutic potential for the treatment of obesity or metabolic disorders that are associated with obesity, such as type 2 diabetes.
Results pertinent to this issue have originated from research involving the obese Zucker rat. These animals are characterized by a genetic disorder that causes them to be obese and have abnormal glucose tolerance and that confers a marked insulin resistance. These properties make them a widely accepted model for the study of insulin resistance. Research has shown that chronic treatment of the obese Zucker rat with clenbuterol has a beneficial effect on its body composition (29, 35, 36) . After treatment, the protein-to-fat ratio is increased by 173% due to a decrease in total body fat and an increase in skeletal muscle mass (28) . Furthermore, a previous study from our laboratory (35) demonstrated an attenuation of insulin resistance in the obese Zucker rat after chronic treatment with clenbuterol, as evidenced by reductions in plasma insulin levels and improved glucose tolerance. Skeletal muscle is primarily responsible for glucose clearance during an oral glucose tolerance test or euglycemic clamp (5, 14) . However, using the hindlimb perfusion procedure, we were unable to demonstrate an effect of clenbuterol on insulin-stimulated glucose uptake or transport in skeletal muscle (35, 36) . This raised the question as to which tissues were responsible for the increased clearance of glucose in vivo and whether the hindlimb perfusion results could be extrapolated to the in vivo state. Therefore, the present study was conducted to determine more fully the effect of chronic administration of clenbuterol by use of the euglycemic-hyperinsulinemic clamp technique on the conscious obese Zucker rat. The hypothesis tested was that the improvement in insulin resistance after chronic clenbuterol treatment is the result of an improved skeletal muscle response to insulin.
METHODS
Animal care and maintenance. Female obese (fa/fa) Zucker rats, 6-7 wk of age, were purchased from the Animal Model Core Facility of the University of California at Davis. The rats were housed in the Animal Resource Center of the University of Texas at Austin under standard laboratory conditions with access to food and water ad libitum. They were subjected to a controlled 12:12-h light-dark cycle, 22°C temperature, and 50% relative humidity. The rats were fasted for 12 h before the euglycemic-hyperinsulinemic clamp was performed. All experiments were approved by the Institutional Animal Care and Use Committee of the University of Texas at Austin.
Rats were assigned randomly to either a treatment or a control group. The treatment group was gavaged once a day to deliver clenbuterol at a concentration of 1 mg/kg body wt 7 days/wk for 5 wk. The clenbuterol treatment was stopped 48 h before the euglycemic-hyperinsulinemic clamp. The control group received only the equivalent volume of deionized water on the same schedule as the clenbuterol treatment group.
Catheterization. One day before catheterization, rats were placed in individual cages with the distal one-third of their tails secured by a rubber stopper through a hole at the back of the cage. This was done to accustom the rats to this condition. The procedure was designed to protect catheters inserted into the tail veins and artery while allowing the rats nearly 180°mobility within the cage (38) . The setup allowed free access to food and water and made it possible for intravenous infusions and blood withdrawals to be performed on conscious rats.
In preparation for infusion, catheters were inserted into both tail veins in the same manner as is ordinarily done for intravenous injections. A sampling catheter was also implanted surgically in the tail artery under local anesthesia with lidocaine (Elkins-Sinn, Cherry Hill, NJ), and then all three catheters were taped to the tail. Once this procedure was completed, the rats were returned to their respective cages, and their tails were fixed at the back of the cage as described previously. When samples were not being withdrawn, the sampling catheter was connected to an infusion pump and infused constantly with 20 U/ml heparinized saline at a rate of 0.01 ml/min to prevent blood clotting. The rats were allowed to recover from the catheterization process for Ն4 h before the euglycemic-hyperinsulinemic clamp was begun.
Euglycemic-hyperinsulinemic clamp. Two experiments were conducted using the euglycemic-hyperinsulinemic clamp procedure. Experiment A was designed to determine the rate of blood glucose disappearance (R d ) and glycogen synthesis in various tissues and muscle fiber types under controlled conditions. Rats were infused with insulin at a rate of 15 mU ⅐ kg Ϫ1 ⅐ min Ϫ1 and with [3-3 H]glucose (15 Ci/ ml) tracer for 120 min. The insulin and [3- 3 H]glucose were prepared in a solution of 0.1% BSA/saline. During insulin infusion, a 20% glucose solution was also infused at a variable rate as needed to maintain the blood glucose concentration at 100 mg/dl. Blood samples (300 l) were taken from the sampling catheter at time 0 and at 60, 90, and 120 min for determination of [3- 14 C]glucose. When the clamp was completed, the rat was quickly anesthetized by an intravenous injection of pentobarbital sodium (50 mg/kg). Soleus, plantaris, red gastrocnemius, white gastrocnemius, red quadriceps, and white quadriceps from one leg, followed by the abdominal adipose tissues, liver, and heart, were removed and freeze-clamped as rapidly as possible with tongs cooled in liquid N 2 . All samples were stored at Ϫ80°C for later analyses of glycogen synthesis and GLUT-4 protein.
Soleus and plantaris muscles were isolated in their entirety for determination of their weights. After these tissues were collected, the abdominal fat was excised and weighed. In brief, the stomach, intestines, and other visceral organs were removed and carefully cleaned of visible mesenteric and omental fat. The kidneys were also excised and cleaned of visible fat. In addition, gonadal/inguinal fat, associated with the ovaries and fallopian tubes, as well as any fat remaining in the pelvic cavity, was removed. Finally, the surface of the abdominopelvic cavity, including the inferior surface of the diaphragm, and the body wall of the retroperitoneal and peritoneal spaces were carefully cleaned of visible fat.
Experiment B was designed to determine the glucose metabolic index (RЈ g ) of different tissues and skeletal muscle fiber types as described by Kraegen et al. (17) . The procedures of this experiment were the same as those described for Experiment A, except that these rats received a bolus injection of 2-deoxy-[2,6- Analytical methods. Blood glucose concentrations were measured by a glucose oxidase method, using a One Touch blood glucose monitoring system (LifeScan, San Jose, CA). Plasma insulin levels during the euglycemic clamp were determined by a double antibody radioimmunoassay using the Linco RIA kit (Linco Research, St Louis, MO).
125 I radioactivity was measured with a Beckman 5500 ␥-counter (Beckman, Fullerton, CA). All blood samples of 3 H and 14 C were counted using a Beckman LS6000SC liquid scintillation spectrophotometer (Beckman, Fullerton, CA). The preparation for blood [ 3 H]glucose measurement was as follows: 20 l of blood sample were dissolved in 30% KOH and dried overnight to evaporate the tritiated water formed during metabolism of the tritiated glucose. The residue was resuspended in Bio-Safe II scintillation fluor (Research Products International, Mt. Prospect, IL) for radioactivity counting. The blood [
14 C]glucose measurement was performed by the same procedure as for [ 3 H]glucose, except that there was no overnight drying process. The 2-[ 3 H]DG blood sample was dissolved in 6% perchloric acid. After centrifugation, the supernatant was mixed with Bio-Safe II fluor for tritium counting. Glycogen synthesis was evaluated as the rate of [
14 C]glucose incorporated into glycogen in individual tissues. Tissue glycogen was isolated by the method of Lo et al. (21) . Briefly, tissues other than adipose were solubilized in 30% KOH and saturated with Na 2 SO 4 at 70°C, and glycogen was precipitated with 95% ethanol. Samples were then centrifuged, and the resultant glycogen pellet was resuspended in 0.9 ml H 2 O and 0.1 N HCl. A 0.4-ml aliquot of resuspended pellet was then added to 5 ml of Bio-Safe scintillation mixture and counted for tritium. The adipose tissue was first solubilized, after which 0.5 ml of choloroform was added to the sample. The sample was shaken vigorously and centrifuged, and 0.7 ml of the glycogen-containing aqueous phase was used for glycogen isolation and counting as described above.
The RЈ g was estimated using 2-[ 3 H]DG as an indicator. In insulin-responsive tissue, 2-DG employs the same transporter and phosphokinase as does glucose with negligible further metabolism (20) . Therefore, the phosphorylated form accumulates inside the cell and can be accurately measured using the Somogyi reagent (34), as described in detail by Ferré et al. (8) . The tissues were solubilized in 1 M KOH and neutralized with 1 M HCl. Part of the neutralized solution was then mixed with 6% perchloric acid for measurement of total 2-DG. The remaining part of the solution was mixed with Ba(OH) 2 -ZnSO 4 to precipitate the phosphorylated 2-DG. After centrifugation, the supernatants were used to measure unphosphorylated 2-DG.
The GLUT-4 protein was assayed in red and white quadriceps muscle homogenates by use of quantitative Western blotting procedures, which involved digitizing autographs and using a heart reference standard, as reported previously (18) .
Intramuscular triacylglycerol concentration was determined using a modified procedure of Frayn and Maycock (9) . Briefly, 50 mg of frozen muscle were homogenized (glass-onglass) in 3 ml of choloroform-methanol (2:1 vol/vol). Muscle lipid was extracted in the organic mixture after precipitation of nonpolar molecules with 3 ml of 4 mM MgCl 2 . After centrifugation (1,000 g at 4°C for 1 h), the lipid-containing phase was evaporated to dryness with N 2 gas, leaving a small lipid pellet that was then resuspended in 0.5 ml of 4% ethanoic KOH and heated for 20 min at 75°C to hydrolyze the triglyceride into fatty acyl and glycerol. The addition of 1 ml of 0.15 M MgSO 4 and subsequent centrifugation (1,000 g at 4°C for 1 h) allowed for precipitation of the fatty acyl units, leaving only glycerol, which was quantified enzymatically.
Calculations and statistics. The area under the curve for glucose infusion during the complete clamping period (165 min) was calculated by direct integration. When steady-state glucose specific activity is reached during the clamp procedure, the glucose R d equals the glucose infusion rate if the rate of glucose appearance is negligible. Steady-state R d (mg glucose/min) was determined by dividing the [ 3 H]glucose infusion rate (dpm/min) by the glucose specific activity (dpm/ mg) during steady state.
The accumulation of phosphorylated 2-[ 3 H]DG in each tissue was used to obtain the RЈ g as defined by Kraegen et al. (17) . This index was calculated using the equation
where Cp is the steady-state blood glucose concentration (mol/ml); Cm* is the tissue accumulation of phosphorylated 2-[ 3 H]DG per unit mass at Tϭ 45 min (dpm/mg wet wt); Cp* is blood 2-[ 3 H]DG concentration (dpm/ml); and T ϭ 0 when the tracer bolus is administered.
The biexponential curve A exp(Ϫ␣T ) ϭ B exp(Ϫ␤T ) was used to fit the blood tracer profile Cp*, and the area under the curve was calculated from this by substituting the fitted parameters A, ␣, B, and ␤ into the function obtained by integrating the biexponential, namely ͑A/␣͓͒1 Ϫ exp͑Ϫ␣T͔͒ ϩ ͑B/␤͓͒1 Ϫ exp͑Ϫ␤T͔͒ using T ϭ 45 min. The SPSS nonlinear regression function was used to estimate these parameters.
Incorporation 
RESULTS
Body, organ, and tissue weights. Table 1 shows the body, liver, heart, abdominal adipose tissue, soleus, and plantaris weights for the two groups. There was no significant difference between the control and clenbuterol-treated (CT) groups in their pre-or posttreatment body, liver, or heart weights. However, significant differences between groups were found when the relative and absolute weights of the soleus and plantaris muscles and abdominal adipose tissue were compared. Clenbuterol treatment increased the weight of the soleus by 17% and the plantaris by 12%. Furthermore, the clenbuterol treatment reduced the weight of abdominal fat by 13%.
Blood glucose levels, glucose infusion rates, and glucose R d . As shown in Fig. 1A , the blood glucose level was clamped at ϳ100 mg/dl whereas the insulin was infused at 15 mU ⅐ kg Ϫ1 ⅐ min Ϫ1 . Under these conditions, the glucose infusion rate, compared by the areas under the curve (see insert in Fig. 1B) for the CT group, was significantly greater than that for the control group (Fig.  1B) . Consequently, the R d was increased by ϳ40% in the CT rats compared with the control group (Fig. 2) .
Plasma insulin levels. During the euglycemic-hyperinsulinemic clamp, the plasma insulin levels of the CT rats were significantly lower compared with the control group (Fig. 3) , despite a greater rate of glucose infusion in the CT rats. However, a lower fasting level of plasma Fig. 4A . The RЈ g was increased in the CT group relative to the control group in skeletal muscle and adipose tissue, but not in liver or heart (Fig. 5) . With regard to the increase in skeletal muscle RЈ g , muscle composed of predominantly slow-twitch oxidative fibers, fast-twitch oxidative fibers, and fast-twitch glycolytic fibers all demonstrated a substantial improvement in insulin-stimulated RЈ g .
Glycogen synthesis. Glycogen synthesis was measured in the various tissues by the RЈ g method described above. The kinetic data used in these calculations fit well by a biexponential curve, with r 2 values for all curves Ͼ0.97 and most being 0.99 (Fig. 4B) . From these data, it was determined that the glycogen synthesis rates in the tissues investigated followed a pattern very similar to that of the RЈ g (Fig. 6 ). The CT rats had glycogen synthesis rates that were significantly increased above the control in the adipose tissue and the three basic skeletal muscle fiber types. No differences in glycogen synthesis rates were found in the livers and hearts of CT and control rats. The only glycogen synthesis anomaly observed was that the rates of synthesis in the white gastrocnemii were not different for the CT and control rats.
GLUT-4 protein. No significant difference was observed between the GLUT-4 protein levels in the red and white quadriceps muscles of the CT rats relative to the GLUT-4 levels measured in the controls (Fig. 7A) .
Triglyceride concentration. The intramuscular triglyceride concentration in red quadriceps muscles of the CT rats was significantly reduced compared with the control rats (Fig. 7B) .
DISCUSSION
The major manifestations of insulin resistance are glucose intolerance and hyperinsulinemia, which re- 3 H]DG uptake in the various tissues investigated. Data (means Ϯ SE) were calculated by the glucose metabolic index (RЈ g) method (10) . For the control group, n ϭ 9; for the CT group, n ϭ 8. *Significant difference from control. Fig. 6 . Rate of [
14 C]glucose incorporation into glycogen. Data are expressed as means Ϯ SE; n ϭ 11 and 10 for control and CT groups, respectively. *Significant difference between the two groups.
sult from a decreased tissue response to insulin. Because the obese Zucker rat has high plasma insulin concentrations, relatively low insulin action, and impaired glucose tolerance, it is frequently used as an animal model of insulin resistance. The present study has confirmed and extended our previous finding that clenbuterol attenuates the insulin resistance of the obese Zucker rat (35, 36) , an effect that is defined by improvement in glucose tolerance, reduction of plasma insulin levels, and improvements in tissue response to insulin.
During a euglycemic-hyperinsulinemic clamp, rats chronically treated with clenbuterol required delivery of significantly more exogenous glucose to maintain the euglycemic state. Tracer studies showed that this was due to a substantial increase in the R d glucose from the blood (Fig. 2) as opposed to a reduced hepatic glucose output that did not differ from control rats. This was expected, because hyperinsulinemia should prevent hepatic glucose output during the clamps in both treatment and control rats.
Consistent with our previous report from an oral glucose tolerance test (35) , the increased R d glucose of the CT rats was accompanied by a lower plasma insulin response to glucose during euglycemic-hyperinsulinemic clamping (Fig. 3 ). This inverse relationship between glucose and plasma insulin levels suggests that the clenbuterol-induced increase in R d glucose was due to increased insulin action rather than to increased insulin secretion. This finding is in agreement with earlier studies in which chronic exposure to other ␤-adrenergic receptor agonists improved insulin action (13, 22, 31, 33) . Lupien et al. (22) , for example, found that chronic infusion of norepinephrine for 10 days resulted in a significant enhancement of glucose disposal during a euglycemic-hyperinsulinemic clamp in normal rats. Smith et al. (33) reported that the glucose tolerance and insulin action of the obese Zucker rat were significantly improved by chronic treatment with a novel ␤-adrenoceptor agonist. Moreover, Jacob et al. (13) recently reported that celiprolol, a ␤ 1 -antagonist/␤ 2 -agonist, improved the glucose tolerance of the obese Zucker rat. In vitro insulin-stimulated glucose uptake of the fast-twitch epitrochlearis muscle was also improved. However, we have not been able to demonstrate, with an in vitro procedure, an enhanced insulin-stimulated glucose uptake in muscle of rats treated with clenbuterol, nor are we aware of any study that has investigated the fate of blood glucose in vivo after chronic treatment with this ␤ 2 -agonist.
In the present study, we demonstrated that the increase in insulin-stimulated glucose clearance in vivo after clenbuterol treatment occurred in all skeletal muscle fiber types and in abdominal adipose tissue (Fig. 4) . In contrast, the effects of clenbuterol on glucose uptake by liver and heart tissues were insignificant. The increase in glucose uptake was paralleled by an increase in glycogen storage. In fact, 75-90% of the glucose taken up by skeletal muscle and adipose tissue was converted into glycogen. However, the rate of glucose uptake in adipose tissue was only a fraction of the rate of glucose uptake by skeletal muscle. Thus the major site of glucose clearance occurred in skeletal muscle, although adipose tissue may have contributed.
The increase in adipose tissue glucose uptake could be related to a reduced fat cell size. CT rats were found to have a significant reduction in abdominal adiposity, and this reduction was most likely due to a reduction in fat cell size rather than number (32) . A strong inverse correlation between fat cell size and insulin sensitivity has been demonstrated (3). Consequently, an increase in fat cell insulin sensitivity could explain the increased rate of glucose uptake in the adipose tissue during the euglycemic-hyperinsulinemic clamp.
An explanation for the increase in insulin-stimulated skeletal muscle glucose uptake is not equivocal. It is of interest to note that the increase in muscle glucose uptake occurred in the absence of an increase in GLUT-4 protein concentration. In previous studies, we were unable to demonstrate that chronic administration of clenbuterol improved the skeletal muscle insulin sensitivity or responsiveness of the obese Zucker rat in vitro, although in vivo there were sub- Fig. 7 . A: GLUT-4 protein levels for red and white quadriceps expressed as a percentage of a rat heart standard. For both red and white quadriceps of control rats, n ϭ 10, and for both muscles from clenbuterol-treated rats, n ϭ 9. B: intramuscular triglyceride concentration of the red quadriceps; n ϭ 12 and 11 for the control and clenbuterol-treated groups, respectively. *Significant difference between the two groups. Data are expressed as means Ϯ SE.
stantial improvements in glucose tolerance and the insulin response to a glucose challenge (35, 36) . Furthermore, we found that daily clenbuterol treatment prevents the exercise training-induced increase in skeletal muscle insulin responsiveness of the obese Zucker rat by attenuating the increased expression of GLUT-4 protein that normally occurs with exercise training (18) . These results suggest the possibility that the improvement in skeletal muscle insulin action initiated by the clenbuterol treatment was systemic in nature. Therefore, a possible explanation for the difference in R d glucose between the CT and control rats could be related to differences in muscle blood flow.
The arteriovenous glucose difference and the rate of muscle blood flow determine muscle glucose uptake. Thus, with an increased skeletal muscle glucose uptake, blood flow could become rate limiting if glucose extraction were to exceed glucose delivery. Insulin stimulates increases in both skeletal muscle glucose extraction and blood flow in a dose-dependent manner (7, 19) . Skeletal muscle blood flow is also under the influence of adrenergic regulation, of which ␤ 2 -adrenoceptors are the major adrenergic receptors of significance (11, 30) . Although large increases in skeletal muscle blood flow have been demonstrated with acute administration of clenbuterol, chronic clenbuterol treatment was shown to reduce muscle blood flow (30) . Therefore, the effect of clenbuterol on muscle glucose clearance mediated by increases in muscle blood flow may at best be transient and not maintained during chronic treatment (30) .
Interestingly, chronic clenbuterol treatment has been found to elevate blood flow to white and brown adipose tissues while reducing blood flow to skeletal muscle (30) . Consequently, sustained blood flow in adipose tissue may influence fat and energy metabolism in this tissue. An elevated lipolysis and thermogenesis may account for the reduction of abdominal fat in the CT rats and indirectly influence muscle tissue glucose uptake (6, 26) .
Abdominal obesity is highly associated with insulin resistance. That is, the greater the abdominal adiposity, the greater the insulin resistance (1, 2, 16 ). Furthermore, reduction in abdominal fat is highly associated with improvement in whole body insulin action (6, 26) . The mechanism by which abdominal obesity adversely influences insulin action and glucose tolerance is not known, but it may involve the overproduction of hormone-like substances such as tumor necrosis factor-␣ (TNF-␣) from highly active adipocytes in the abdominal region. TNF-␣ levels are elevated in the obese Zucker rat (15) . In vitro studies indicate that an excess of TNF-␣ will inhibit the tyrosine kinase activity of the insulin receptor (11) , and chronic infusion of TNF-␣ will produce severe insulin resistance (23) .
Abdominal obesity is also associated with an increase in intramuscular triglyceride stores, which have also been linked to insulin resistance (24) . In the present study, the muscle triglyceride concentration of the control rats was substantially higher than is normally reported for nonobese rats (10) . The intramuscular triglyceride concentrations of the CT rats, however, were 50% lower than those of the control rats. Although reduction in muscle triglyceride concentration may potentially explain the improvement in skeletal muscle insulin action, it does not address our previous finding that the improvement in muscle insulin resistance by clenbuterol treatment occurs only in vivo. If the improvement in insulin resistance was due to a lowering of the intramuscular triglyceride stores, it should also be detected in in vitro as well as in in vivo experiments. In addition, the reduction in intramuscular triglyceride concentration, although substantial, was not sufficient for normalization in the obese Zucker rat (10) .
It should also be noted that the reduction in adiposity of the CT rats was accompanied by an increase in muscle mass. It is possible that this increase in muscle mass also contributed to the overall improvement in R d glucose during the euglycemic-hyperinsulinemic clamp. An increase in muscle mass could conceivably increase the available glucose storage area, thereby facilitating the clearance of glucose from the circulation. Several studies have documented improvements in the insulin response to a glucose challenge (25) and increase in R d glucose during a euglycemic-hyperinsulinemic clamp (24) when strength training increased fat-free mass. An increase in muscle mass, however, cannot account for the increase in muscle insulin action induced by the clenbuterol treatment.
In summary, the effect of chronic clenbuterol administration on insulin resistance of conscious, obese Zucker rats was assessed by the euglycemic-hyperinsulinemic clamp technique. In contrast to our previous in vitro findings, the present in vivo results demonstrate that the attenuation of insulin resistance by clenbuterol is accompanied by an increase in insulinstimulated glucose uptake and glycogen synthesis in adipose and skeletal muscle tissues. This improvement in muscle insulin resistance occurred in the absence of an increase in GLUT-4 protein concentration. It is likely that this improvement in skeletal muscle insulin resistance is related to systemic changes possibly associated with changes in the body composition of the obese Zucker rat.
